abstract: We studied size-abundance relationships in a speciesrich Amazonian bird community and found that the slope of the logarithmic relationship between population density and body mass ( ) is significantly shallower than expected under Damuth's b p Ϫ0.22 energetic equivalence rule (EER), which states that population energy use (PEU) is independent of species body mass. We used estimates of avian field metabolic rates to examine the logarithmic relationship between PEU and body mass and its variation among ecological guilds. The relationship for all species had a significantly positive slope ( ), indicating that PEU of larger species was greater b p 0.46 than that of smaller species. Analyses of guilds revealed significant variation. The slopes of the frugivore-omnivore, insectivore, and granivore guilds were all significantly positive, with that of the frugivore-omnivore guild being the steepest. In contrast, PEU did not vary significantly with species body mass among raptors. These results were confirmed in analyses using both species values and phylogenetically independent contrasts, and the results do not support the EER in this community. The spatial distribution of resources and mechanisms of interference competition within guilds may explain why most patterns differed from the predictions of the EER. Other sources of variation, including the effects of scale, are also discussed.
The relationship between body size and population density has been extensively examined because it has broad implications for the structure of and energy flow in ecological communities (Damuth 1981 (Damuth , 1987 Brown and Maurer 1987; Pagel et al. 1991; Illius and Gordon 1992; Taper and Marquet 1996) , geographic range size (Brown and Maurer 1987; Gaston and Blackburn 1996) , patterns of biodiversity and evolution Maurer 1986, 1987; Damuth 1993; Siemann et al. 1996) , and the generality and potential theoretical underpinnings of allometric scaling laws (Morse et al. 1985; Dobson and Headrick 1995; West et al. 1997; Enquist et al. 1998; Ritchie and Olff 1999; Niklas 2001, 2002) . Damuth (1981 Damuth ( , 1987 ) investigated the logarithmic relationship between body mass and population density for mammals spanning several orders of magnitude in size, and he found a slope of Ϫ0.75. The negative slope has been suggested to reflect metabolic processes; that is, larger animals should have lower population densities because they use more energy per capita per unit time (Peters 1983) . Because the logarithmic relationship between mammals' resting metabolic rate and body mass has an estimated slope of 0.75 (Peters 1983) , Damuth (1981 Damuth ( , 1987 proposed the energetic equivalence rule (EER). This rule states that the energy used by a species' local population (population energy use [PEU] ) is independent of its body mass. Energetic constraints may therefore influence the structure of ecological communities (Damuth 1981 (Damuth , 1987 , such as by placing an upper limit on the population densities of large species.
If the EER is a more general rule of community structure (Damuth 1981 (Damuth , 1987 , then it may be expected to apply at the community scale, as well as at regional or global scales. In such a case, the absolute value of the slope of the size-abundance relationship should not be significantly different from the slope of the logarithmic relationship between body mass and field metabolic rate (FMR) for a given assemblage of species. Scrutiny of the sizeabundance relationship in animals, however, shows variation across taxonomic, spatial, and geographic scales, but Greenwood et al. 1996 a All studies are of resident breeding birds, except where otherwise noted. b The 95% confidence interval (95% CI) for each slope is given. When the 95% CI was not reported, it was calculated from the reported standard error of the regression slope and sample size.
c The sample size (n) is the number of species. d NG means "not given." e Study was of wintering migrants.
the mechanisms underlying the relationship and its variation remain obscure (Cotgreave 1993; Blackburn and Gaston 1997; Marquet 2000) . Patterns in size-abundance relationships in plants tend to be more consistent across multiple scales (Enquist et al. 1998 (Enquist et al. , 1999 Enquist and Niklas 2002) . Although many analyses of size-abundance relationships in animals use global-or regional-scale data sets compiled from the literature, many workers have suggested that smaller-scale analyses, such as at the level of complete communities, may be more likely to reveal mechanisms responsible for patterns in size-abundance relationships (Blackburn et al. 1990 (Blackburn et al. , 1993a . Patterns at smaller scales of analysis, however, tend to be more variable and to show less statistically significant relationships than ones at larger scales (Currie 1993; Blackburn and Gaston 1997) , particularly in birds (Peters and Wassenberg 1983) . A recent estimate of the slope of the logarithmic relationship between body mass and FMR for birds is 0.681 (95% confidence interval to 0.717; Nagy et [CI] p 0.645 al. 1999). If there is an equitable distribution of resource use with respect to body size among species in avian communities, then the slope of the size-abundance relationship for birds should be in the range of Ϫ0.645 to Ϫ0.717. Among birds in temperate communities, some sizeabundance relationships fit these expectations (table 1) . Many slope estimates for birds, however, are shallower than Ϫ0.681, and some are not significantly different from 0 (table 1) . Birds in a Panamanian lowland forest have a shallow slope (Ϫ0.25) that is significantly different neither from Ϫ0.681 nor from 0 (Brawn et al. 1995) . Furthermore, some studies have found the shape of the scatterplot describing the relationship in temperate birds to reach a peak at intermediate body masses (Brown and Maurer 1987) , rather than being linear and negative (Damuth 1981 (Damuth , 1987 ; this indicates that the most abundant avian species are of intermediate size.
Explanations for variation in the size-abundance relationship are related to energetics, scale of analysis, ecological factors, and evolutionary history (Lawton 1989; Blackburn et al. 1993b; Cotgreave 1993; Blackburn and Gaston 1997) . This article focuses on ecological factors and evolutionary history, interpreting their effects in light of potential effects of scale. The ecological attributes of habitat structure and species membership in an ecological guild may affect size-abundance relationships. Habitats vary in resource availability and vegetation structure both temporally and spatially (Bell et al. 1991) . If such variability affects avian species composition or population densities in different habitats, then variation in the slope of the size-abundance relationship among habitats may result. Size-abundance relationships also may differ among ecological guilds of birds (Peters and Wassenberg 1983; Juanes 1986 ). Among temperate birds, insectivore and carnivore guilds tend to have negative slopes, whereas herbivore and omnivore guilds tend to have slopes not significantly different from 0, although this pattern is not consistent among studies (table 1) . Nonetheless, having slopes not different from 0 in some guilds suggests that larger species may be more abundant than would be expected under the EER.
If variation in population density is constrained by body size via, for example, ecological or energetic mechanisms, then these traits should exhibit correlation across phylogenetic history. Most examinations of the size-abundance relationship have used statistical analysis of species values without incorporating either phylogenetic or taxonomic information, but more recent analyses have incorporated these sources of variation (Nee et al. 1991; Cotgreave and Harvey 1992, 1994; Blackburn et al. 1994; Cotgreave 1994 Cotgreave , 1995 Gregory 1995) . Comparative studies should incorporate phylogeny because trait values tend to be more similar among closely related species (Felsenstein 1985; Grafen 1989; Harvey and Pagel 1991) . Although population density is often an ecologically labile trait, closely related species may share other traits that constrain population densities to be similar, and this has been shown to be the case for some avian life-history traits . Consequently, species values may not be independent of one another, which violates a fundamental assumption of most statistical tests. Nonindependence among data points can result in inflated test statistics and inappropriate conclusions concerning the nature of the relationship between the traits in question (Martins and Garland 1991; Harvey and Rambaut 1998; Garland and Ives 2000) .
It has proven difficult to differentiate between the effects of evolutionary history and those of ecological similarity within guilds on the size-abundance relationship. In an analysis of British birds, the slopes of size-abundance relationships in higher taxonomic ranks were negative, whereas those in lower ranks were more likely to be positive (Nee et al. 1991) . The authors suggested that phylogenetically distinct groups, that is, those with a long time since divergence from their most recent common ancestor, tend to form guilds in which interspecific competition may be intense. Within such groups, large body size may provide benefits in interspecific competitive interactions, especially if access to resources is determined by interference competition. The effects of interspecific competition on resource access may adversely affect the abundance of smaller species, which would explain slopes greater than or equal to 0 found in these groups. In contrast, analyses of wintering British, Irish, and resident Australian birds did not find any statistically significant tendency in the probability of obtaining a positive or a negative slope related to taxon rank (Blackburn et al. 1994; Cotgreave 1995) . Nonetheless, in data from an Arizona experiment that manipulated levels of competition among birds, tribes that demonstrated strong interspecific competition were those in which the largest species were most abundant (Cotgreave 1994) .
The Amazonian bird assemblage examined in our study has several characteristics that allow a unique contribution to our understanding of the relationship between size and abundance and the relationship's implications for patterns of PEU among species. First, to our knowledge, these analyses are the first exploration of this kind for a local, sympatric assemblage of tropical birds. Whether temperate and tropical birds differ in size-abundance relationships has been largely unexamined. This empirical gap may be important, given the potential for differences in metabolic rates between temperate and tropical taxa (Vleck and Vleck 1979; Hails 1983) . Second, these data are from complete studies of the avian communities in three local rain forest habitats, censused using the same methods and often by the same observers (Terborgh et al. 1990; Robinson and Terborgh 1997; S. K. Robinson and J. Terborgh, unpublished data) . Potential biases introduced from data compiled from literature sources using diverse methods in geographically distant communities are thereby reduced (Lawton 1989) . In addition, examining whether the sizeabundance relationship might constrain community structure may be most appropriately done using a data set from a complete community study rather than data compiled from the literature (Blackburn et al. 1990; Pagel et al. 1991; Cotgreave and Harvey 1992) . Third, this avian assemblage is very species rich, with more than 400 resident land birds, providing a large data set with which to examine sources of variation in the size-abundance relationship. Finally, the study site is pristine and has experienced little or no human development or exploitation, so that avian population densities should not be influenced by contemporary human impacts.
We addressed three questions. Does the slope of the logarithmic relationship between body mass and population density differ significantly from the slope of Ϫ0.681 expected under the EER? Does the slope of the logarithmic relationship between body mass and PEU differ significantly from the slope of 0 expected under the EER? Finally, do the slopes of the logarithmic relationships between body mass and abundance and between body mass and PEU vary among habitats or ecological guilds?
We tested for differences in the size-abundance relationship attributable to habitat using avian population densities in three habitats of increasing structural and floristic complexity: late successional forest, mature floodplain forest, and terra firme (upland) forest. We tested for differences in the size-abundance relationship among four trophic guilds: frugivore-omnivore, granivore, insectivore, and raptor. We analyzed species trait values without incorporating phylogenetic information, and we used a phylogenetic hypothesis to calculate independent contrasts (Felsenstein 1985; Harvey and Pagel 1991) .
Study Area and Methods
Estimates of avian population densities were compiled from published and unpublished studies of avian community structure in floodplain and upland habitats in All census plots, except the one in terra firme, were within the whitewater Manú River's 6-km-wide floodplain, which contains a complex mosaic of successional and mature forest stands that resulted from the meandering and flooding dynamics of the river (Terborgh and Petren 1991) . The botanical characteristics and structure of the floodplain and upland habitats have been described in detail in previous publications (Foster 1990; Terborgh and Petren 1991; Robinson and Terborgh 1997) . Briefly, as the Manú River meanders across its floodplain, it creates sand beaches along the point bar that are colonized by early successional vegetation. The early stages of this floodplain succession have species-poor bird communities and few coexisting syntopic congeners. Later successional stages in the floodplain consist of "transitional" forest, as the vegetation structure becomes more complex and the plant and bird communities more diverse, and some of the early successional species are lost. Mature floodplain forest, probably at least several hundred years old (Terborgh and Petren 1991) , is floristically diverse and has a complex vertical structure. Of the four habitats in this study, mature floodplain forest contains the greatest numbers of bird species and coexisting congeners. Upland, or terra firme, is above the level of the floodplain and is dominated by very old, yet very heterogeneous forests.
Population densities (number of individuals per 100 ha) were estimated based on a combination of spot-mapping (Kendeigh 1944) , mist-netting, transect, and breeding group census methods. Census methods are described in detail in Terborgh et al. (1990) and Robinson and Terborgh (1997) and are briefly summarized here. Census plot areas in each habitat were late successional forest, 60 ha; mature floodplain forest, 97 ha; and terra firme forest, 70 ha. Each plot was censused systematically for at least one season. Spot-mapping records were supplemented by mist-net captures, which helped to detect nonvocal species and also to provide color-banded individuals to help delineate territories of understory species. All records of each species were plotted on maps, and territorial boundaries were estimated and then used to obtain estimates of population density. For nonterritorial species, we estimated population density by counting males at leks (manakins and cotingas) or by recording the maximum number of individuals observed at fruiting trees. Territory size estimates were based on an average of 15-30 registrations per pair. The variety of census methods used and the use of spot mapping minimized any potential bias in population density estimates that might result from using only song census methods (see Calder 2000) . Species for which our census methods would have produced a biased population density estimate (Apodidae, Trochilidae, Chloroceryle inda, Chloroceryle aenea, Piculus leucolaemus, Piculus chrysochloros, Cacicus cela, Psarocolius oseryi, Psarocolius decumanus, Psarocolius angustifrons, and Psarocolius yuracares) were excluded from the data set. Although swifts (Apodidae) and hummingbirds (Trochilidae) are some of the smallest species in this community, the available estimates of population densities for these species span a range from rare to abundant (Terborgh et al. 1990 ); this makes any bias resulting from their exclusion from the analysis unlikely.
Migratory species also were excluded (Chordeiles minor, Chordeiles rupestris, Coccyzus americanus, Coccyzus melacoryphus, Contopus borealis, Contopus virens, Vireo olivaceous).
Body masses (in grams) were field measurements from birds measured at the four census plots or from museum specimens collected elsewhere in southeastern Peru or Bolivia (Louisiana State University Museum of Natural History, Field Museum of Natural History).
Population energy use (kJ per species per day per 100 ha) was calculated as the product of individual metabolic rate (kJ per individual per day) and population density (Taper and Marquet 1996) . Ideally, calculation of PEU in this study should use species-or genus-specific estimates of FMR for tropical birds. Unfortunately, such data are not available. Feeding guild may be an important source of interspecific variation in metabolic rate (McNab 1988), although analyses using methods that incorporate phylogenetic information have failed to find differences among guilds (Bennet and Harvey 1987) . Interspecific studies of metabolic rate have also shown that tropical bird species, particularly frugivores, may have reduced metabolic rates, relative to birds from higher latitudes (Weathers 1979 (Weathers , 1997 Bartholomew et al. 1983; Hails 1983) . However, substantial within-family variation exists in whether tropical species' metabolic rates are higher or lower than would be predicted based on temperate species (Vleck and Vleck 1979; Schleucher 1999; McNab 2001) . We therefore consider the available literature to be inadequate to provide detailed taxon-or guild-specific estimates of FMR for use in this study. Although early studies indicated that metabolic rates differed between passerine and nonpasserine birds (Lasiewski and Dawson 1967; Bennet and Harvey 1987) , a recent analysis that incorporates phylogenetic information found no differences in metabolic rate between passerines and nonpasserines (Reynolds and Lee 1996) . For these reasons, we elected to calculate PEU using the allometric relationship for FMR for all birds presented in Nagy (1999) . Some studies suggest that frugivorous species may have lower metabolic rates than species of other feeding guilds (McNab 1986 (McNab , 1988 (McNab , 2001 . To account for this potential source of variation, we also conducted PEU analyses with an individual metabolic rate that was reduced by 75% (McNab 2001) for all species in the frugivore-omnivore guild. Neither the slope nor the significance of the overall relationship or of each guild was significantly affected by this adjustment. The four guilds were broadly defined, given that most species' diets are not known in detail (Remsen et al. 1993 ). In general, diets of species considered frugivore-omnivores contain mostly fruit, supplemented by insects, nectar, small vertebrates, or seeds. Granivores, insectivores, and raptors consume primarily seeds, insects, and vertebrates, respectively, although species in these guilds may supplement their diets to an unknown and presumably small extent with other food items.
Statistical Analysis
Using the mixed procedure in SAS (SAS Institute 2000), we modeled the relationship between body mass, population density, habitat (late successional, mature floodplain, and terra firme forests), and ecological guild (frugivore-omnivore, granivore, insectivore, and raptor) using species trait values. For all analyses, body mass and population density were logarithmically transformed. Because many species occurred in more than one habitat and therefore were represented more than once in the data set, random effects were included in the model by treating species as nested within guild. We tested for significant variation in the slope (interaction terms) and in the least squares means (main effects) attributable to habitat and guild. Least squares means reflect the variation in average avian population density. In the full model with all main effects and interactions, neither the main effect of habitat nor the interactions between habitat and body mass and between habitat and guild explained a significant amount of the variation in population density (table 2) . These results indicate that average mean avian population density, the slope of the size-abundance relationship, and population densities of species in each guild, respectively, did not vary significantly among habitats. These terms were therefore pooled into error for all subsequent analyses. In all subsequent analyses, we used a logarithmic transformation of either mean population density for species occurring in more than one habitat or the observed population density for species occurring in only one habitat as the dependent variable in size-abundance analyses and PEU calculations. Each species, therefore, was represented by only one point in the data set, which allowed results based on species values to be compared directly with those based on phylogenetically independent contrasts.
We also tested whether the relationships of population density and PEU to body mass, using species values and phylogenetically independent contrasts, would best be modeled using a single error variance for all guilds or separate error variances for each guild. Unequal variances among guilds would affect the comparisons of slopes among guilds. In all cases, comparisons of the scores of the Akaike Information Criterion for the two models using the mixed procedure in SAS indicated that the model using a single variance for all guilds was the best model (Burnham and Anderson 1998). We therefore used the standard output of the mixed procedure for comparisons of slopes among guilds, and we adjusted for multiple comparisons using Tukey's HSD method (Zar 1996) with an experiment-wise error rate of .
The choice of an appropriate regression model to use in allometric analyses is a complicated issue (Rayner 1985; McArdle 1988) . In our study, as in most allometric analyses, the independent variable (body mass) cannot be as-sumed to be measured without error, which is an assumption of ordinary least squares (OLS) regression. The general structural relation (GSR) may be employed to account for the error variances in the dependent and independent variables if these quantities are known (Rayner 1985) . As is often the case in analyses of size-abundance relationships, our data do not contain information on the error variance in population density, making it impossible to use the GSR. In such cases, some workers have advocated use of reduced major axis (RMA) regression (e.g., Griffiths 1998), although others discourage its use .
The fact that the predictor variable is subject to error is not the only criterion for selecting RMA regression. The RMA method assumes that the ratio between the error variances in the dependent and independent variables is equal to that of the variances in these variables (Rayner 1985; McArdle 1988) . This assumption, however, is unlikely to be true for our population density and body mass data. This is because the error variance in body mass is a very small proportion of the variance in body mass, whereas the error variance in population density is likely to be a relatively much greater proportion of the variance in population density. The slope estimate provided by OLS regression has little or no bias when the error variance is substantially smaller than the variance of the independent variable (Madansky 1959; Draper and Smith 1998) . When the independent variable is subject to error, the slope estimated by OLS regression should be multiplied by the term , where is the error variance and 2 2 2 2
is the variance in the independent variable (Madansky 1959; Draper and Smith 1998) . Using measurements of body masses of multiple individuals of each species to calculate , we used this equation to estimate that error 2 j u in body mass measurement results in a 0.5% shallower slope than would be estimated if body mass were measured without error. This small degree of bias is unlikely to affect our conclusions. We therefore used OLS regression in all analyses because the assumptions of this model better fit our data than do those of RMA regression. As an additional verification of the validity of OLS regression, an orthogonal quantile regression method was used to calculate the slope of the relationship between population density and body mass. This method yields estimates that converge strongly to the true values of parameters when there is error in the predictor variable (He and Liang 2000) .
Phylogenetically independent contrasts, as implemented in the computer program CAIC (Purvis and Rambaut 1995) , were used to examine the relationship between body mass and population density and between body mass and PEU for all species combined and for species in each of the four ecological guilds individually. Although an ideal comparative test would use a complete phylogeny of Neotropical bird species, such a phylogeny is not available. We therefore constructed a phylogeny that included all species represented in our data set, based on phylogenetic hypotheses for these taxa published in the literature cited in the appendix. We used the phylogenetic hypothesis of to represent the backbone of the tree (lower nodes) because their phylogeny achieves the most complete taxon sampling at lower taxonomic levels. For higher taxonomic levels, we used clade-specific, published phylogenetic hypotheses (appendix) for taxa not represented in or when taxon sampling of a clade was more complete than that in . Taxa for which no information on phylogenetic relationships was available were placed in the tree assuming sister taxon relationships according to the taxonomy of .
Because the final phylogenetic tree was a composite from multiple sources, branch lengths could not be estimated. We therefore tested whether appropriately standardized contrasts could be obtained by using uniform branch lengths or by using branch lengths assigned with the assumption that the ages of taxa are proportional to the number of species they contain (Grafen's branch lengths ; Grafen 1989; Purvis and Rambaut 1995) . We examined the correlation between the absolute values of the standardized contrasts and their standard deviations to ensure that branch lengths were appropriately scaled (Garland et al. 1992; Diaz-Uriarte and Garland 1996) . Using Grafen's branch lengths resulted in substantially more assumption violations. Using uniform branch lengths, in all but five of 15 cases, there was no statistically significant relationship between these variables. Comparative analyses using the method of phylogenetically independent contrasts should use appropriately standardized contrasts (Garland et al. 1992) ; however, limitations to options for standardizing contrasts arise when branch lengths cannot be estimated from the phylogeny, as is the case here. Simulations have shown that phylogenetically based statistical methods generally perform better than nonphylogenetic ones, even under deviations from the Brownian motion model, which occurs when contrasts are not properly standardized (Diaz-Uriarte and Garland 1996) . Therefore, all contrasts were calculated using uniform branch lengths because this method allowed standardization of most but not all contrast variables. Regressions involving contrasts that did not appear to be standardized properly are indicated in tables 3 and 4. For the five cases with a statistically significant correlation between the absolute values of the standardized contrasts and their standard deviations, the Pearson correlation coefficients were relatively low (Ϫ0.18 to Ϫ0.35), and inspection of the scatterplot did not reveal a strong relationship. Nonetheless, for regressions involving potentially improperly standardized con- Note: The standard error (SE) and 95% confidence interval (95% CI) of each slope are given. Differences in slopes among guilds are indicated next to the parameter estimate for each guild, based on planned comparisons using Tukey's HSD method with an experimentwise error rate of . P ! .05 a Statistically significant Pearson's correlation coefficient. For phylogenetic analyses, these correlations were forced through the origin. b Regressions involving independent contrasts that could not be appropriately standardized. These relationships also were examined using sign tests. The sign test was consistent with the regression for the frugivore-omnivore guild but suggested a statistically significant negative relationship for the insectivore guild.
trasts, we also performed sign tests to evaluate the validity of these regressions (tables 3, 4).
Whether the shape of the scatterplot of the relationship between population density and body mass is influenced by evolutionary constraints was investigated using two methods to estimate the upper bound slope (UBS): quantile regression on species values (Scharf et al. 1998; Cade et al. 1999; Buchinsky 2001 ) and a method developed by Blackburn et al. (1992) . If constraints on the shape of the scatterplot were consistent with the EER, then the UBS of the scatterplot would be expected to approach Ϫ0.681. The UBS was estimated using quantile regression on the 90% quantile of population density (Scharf et al. 1998) . Using the method of Blackburn et al. (1992) , the body mass data were divided into 17 size classes, with no size class having fewer than three species (data points). The species with the highest population density in each size class was selected, for a total of 17 points in the UBS regression analysis.
Student's t-test (Sokal and Rohlf 1995) was used to test whether slopes were different from a slope of Ϫ0.681 expected under the EER. Throughout this article, significance is assessed at the level. P ! .05
Results

Nonphylogenetic Regression (Species Analysis)
Based on species values, the overall negative relationship between body mass and population density was statistically significant, but body mass explained only a small proportion of the variation in population density ( fig. 2 ). Only slopes for insectivore and 3, 264 P p .0093 raptor guilds were significantly different from 0 (table 3) . The slopes of all guilds except raptors were significantly shallower than Ϫ0.681 (table 3). The slope of the frugivore-omnivore guild differed significantly from those of insectivores ( ) and raptors ( ), but P p .0036 P p .0262 no other among-guild comparisons were significantly different (table 3) . Only the difference between frugivoreomnivore and insectivore guilds remained statistically significant (experiment-wise ) after adjusting for P ! .05 Note: The standard error (SE) and 95% confidence interval (95% CI) of each slope are given. Differences in slopes among guilds are indicated next to the parameter estimate for each guild, based on planned comparisons using Tukey's HSD method with an experiment-wise error rate of . P ! .05 a Statistically significant Pearson's correlation coefficients; for phylogenetic analyses, these correlations were forced through the origin.
b Regressions involving independent contrasts that could not be appropriately standardized. These relationships also were examined using sign tests. The sign test was consistent with the regression for all cases except the frugivore-omnivore guild, which suggested a marginally nonsignificant ( ) positive P p .052 relationship. multiple comparisons. Although the difference between the slopes for the frugivore-omnivore and raptor guilds was not statistically significant after adjusting for multiple comparisons (frugivore-omnivore vs. raptor guilds: t p , critical ), the magnitude of the difference 2.24 q p 2.57 between the slope estimates suggests that the difference is biologically significant. However, the test may have lacked power to detect a difference due to the high standard error of the slope estimate and the low sample size for the raptor guild.
The relationship between PEU and body mass also was statistically significant ( , , , F p 108.69 df p 1, 270 P ! .001 ; fig. 3A ). Only the slope for the raptor df p 3, 264 P p .0093 guild was not different from 0; slopes for all other guilds were significantly positive (table 4). Differences among guilds in the slope of the body size-PEU relationship paralleled those for the size-abundance relationship (table 4) .
Independent Contrasts Analyses
The regression of phylogenetically independent contrasts of population density and body mass was statistically significant ( , , ,
2 F p 3.98 df p 1, 203 P p .047 R p 0.02 1B), but again, body mass explained little of the variation in population density. The negative slope also was significantly different from 0 (one-tailed; , t p Ϫ1.994 df p , ; table 3) and was significantly shallower 202 P p .047 than Ϫ0.681 (one-tailed; , , ; t p 5.57 df p 202 P ! .0005 table 3). Slopes of guilds did not differ significantly (table  3) . None of the slopes for guilds differed significantly from 0, although the slopes for frugivore-omnivores and insectivores both differed significantly from Ϫ0.681 (table 3) .
Based on independent contrasts, the relationship between PEU and body mass was statistically significant ( , , , ; fig. 3B ), 2 F p 28.33 df p 1, 203 P ! .0001 R p 0.12 with a slope significantly greater than 0 (one-tailed; t p , , ; table 4). Slopes of guilds did 5.322 df p 202 P ! .001 not differ significantly (table 4). The slopes for the raptor and granivore guilds were not different from 0; slopes for all other guilds were significantly positive (table 4).
Discussion
Sources of Variation
Nonphylogenetic (species) and phylogenetic (contrasts) analyses of the size-abundance relationship for Amazonian birds in this community gave similar results. Both regres- sions were statistically significant, with similar slopes that were significantly shallower than the slope of Ϫ0.681, which would be the slope expected if the EER applied in this bird community (table 3) . That the size-abundance relationship retained statistical significance after accounting for phylogeny suggests that these two traits are likely to have undergone some form of correlated evolution (Felsenstein 1985; Harvey and Pagel 1991) . Nonetheless, the low coefficients of determination indicate that many unaccounted-for sources of variation affect the sizeabundance relationship for Amazonian birds in this community. Our analysis is consistent with several studies that conclude that the relationship between body mass and population density can be highly variable (e.g., Blackburn et al. 1993b; Brawn et al. 1995; Blackburn and Gaston 1997) . Rather than simple regressions, analyses investigating the sources of variation in the relationship, such as the ecological and phylogenetic attributes addressed in this study, may be more informative.
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The resource availability in and vegetation structure of successional habitats are often temporally and spatially more variable than those in mature forest understory (Frankie et al. 1974; Croat 1975; Stiles 1975; Opler et al. 1980 ). If such variability affects avian taxonomic composition or population densities of early successional versus mature forests, differences in the slope of the sizeabundance relationship among habitats may result. Our finding of no difference in slopes among the three habitats, based on nonphylogenetic analyses (see "Study Area and Methods"; table 2), contrasts with previous studies that found that the slope of the size-abundance relationship for birds had a significantly negative correlation with a foliage volume index (Tellería and Carrascál 1994) .
Based on nonphylogenetic analyses, guilds differed in the slope of the size-abundance relationship (tables 2, 3). The slopes of all guilds except for raptors were significantly different from the Ϫ0.681 slope expected under the EER (table 3) . Relative to the raptor guild, the slopes for the other three guilds were much shallower, suggesting that larger species in frugivore-omnivore, granivore, and insectivore guilds are more abundant than would be predicted based on energetics. These results would not be expected if the EER were a significant factor affecting population densities in these guilds. The significant influence of guild on the size-abundance relationship is also consistent with findings that foraging guild is a significant source of variation in demographic traits of Panamanian forest birds (Brawn et al. 1995) .
Phylogenetic analyses indicated no statistically significant differences among guilds in the slope of the sizeabundance relationship (table 3) . One possible explanation for this result is that evolutionary relationships and feeding guild may be correlated to an extent that varies among guilds. For example, all raptor species are represented in two clades, and the majority of insectivores are represented in three clades. Thus, controlling for the effects of phylogeny may remove from the analysis some variation attributable to feeding guild. Some similarities, however, existed between the two analyses. In the phylogenetic analysis, slopes of the frugivore-omnivore and insectivore guilds were significantly shallower than Ϫ0.681, whereas those for raptors were not, and this is consistent with the nonphylogenetic analysis. These results would not be expected if the EER were a significant factor affecting population densities in these guilds.
Both nonphylogenetic and phylogenetic analyses of the relationship between PEU and body mass produced statistically significant, positive slopes that were similar to each other (table 4). To the extent that variance in PEU is reflected in variance in species abundance patterns (Taper and Marquet 1996) , our findings do not support the EER. Although the scatter around the regression line is considerable, our results strongly suggest that in this Amazonian bird community species having larger body masses tend to consume more energetic resources than do species having smaller body masses. Furthermore, both nonphylogenetic and phylogenetic analyses suggest that larger species' dominance of resource use within guilds is strongest in frugivore-omnivore, granivore, and insectivore guilds ( fig. 3A ; table 4).
Hypotheses Explaining Variation among Guilds
In this Amazonian bird community, we found that frugivore-omnivores, granivores, and insectivores had more positive slopes of the size-abundance relationship than did raptors and that populations of larger species tended to use more resources than those of smaller species, especially in the frugivore-omnivore guild. The hypothesis that competitive dominance of shared resources by larger species, either now or in the evolutionary past, may adversely affect the population densities of smaller species has been suggested to explain the lack of negative sizeabundance slopes observed in some guilds (Brown and Maurer 1986; Nee et al. 1991; Pagel et al. 1991; Cotgreave and Harvey 1992, 1994; Cotgreave 1994 Cotgreave , 1995 . The effect versus body mass. Ordinary least squares regression line and 95% confidence intervals of the slope are depicted. Letters represent guild designation of each point: f, frugivore-omnivore; g, granivore; i, insectivore; r, raptor. B, Scatterplot of phylogenetically independent contrasts of PEU versus body mass. Ordinary least squares regression line and 95% confidence intervals of the slope are depicted. Note difference in scales.
of competitive dominance by larger species may be especially prominent in monophyletic groups that comprise complete guilds, which are more likely to have positive size-abundance relationships, and this suggests that phylogenetic and ecological divergence may be closely linked (Nee et al. 1991 ). When we controlled for phylogeny, differences in slopes among guilds were not found, lending support to this hypothesis.
Large body size can provide advantages in interspecific interactions involving either interference or exploitation competition, especially when resources are spatially clumped (Maurer 1984; Petren and Case 1996) . For example, competitive dominance by a gecko of larger body mass (Hemidactylus frenatus) over one of smaller body mass (Lepidodactylus lugubris) occurs only when their insect prey is artificially concentrated into dense patches in the presence of light (Petren et al. 1993; Case et al. 1994) . We found that the frugivore-omnivore guild showed the strongest deviations from the predictions of the EER. The food resources of frugivores are distributed in perhaps the most concentrated patches, relative to those of the other guilds examined here. Frequently observed interspecific aggression, agonistic displays, and displacements at fruiting trees (Howe 1977; Pratt 1984; Santana and Milligan 1984; Gautier-Hion and Michaloud 1989; Greenberg et al. 1993; Daily and Ehrlich 1994) suggest that interference competition may affect the foraging efficiency of frugivores. Interspecific dominance hierarchies consistent with body size have been observed among frugivores at fruiting trees in Costa Rica (Daily and Ehrlich 1994) and among frugivorous African hornbills (Leighton 1982; A. French, personal communication) . The hypothesis that the benefits of large body size in competition are responsible for shallow slopes of the size-abundance relationship and the positive slope of the size-PEU relationship within guilds has received considerable support in analyses of sizeabundance relationships (Nee et al. 1991; Cotgreave 1994 Cotgreave , 1995 Cotgreave and Harvey 1994) . Costs of interspecific competition have been documented (Abramsky et al. 2000 (Abramsky et al. , 2001 , but ultimately, evidence for a population-level effect, in terms of reduced demographic parameters such as survival or fecundity of small, relative to large, competing species, would be most convincing.
The slope of the size-abundance relationship for the insectivore and granivore guilds, while not as shallow as that for the frugivore-omnivore guild, is still significantly shallower than that expected under the EER. The PEU is also greater for insectivorous and granivorous species of larger, relative to smaller, body size. Interference competition involving territoriality among insectivore species may contribute to these patterns. At our study site, many insectivorous congeneric species pairs maintain interspecific territories, and heterospecific song playback experiments showed dominance by the larger congener (Robinson and Terborgh 1995) . If larger congeners are able to force smaller congeners to occupy territories in poorerquality habitats, then the larger congeners may be able to maintain relatively larger population densities. The sizeabundance relationship for insectivores in Amazonian forests may also be affected by constraints imposed by membership in understory and canopy mixed-species flocks (Munn and Terborgh 1979; Munn 1985) . Species participating in mixed-species flocks defend common territory boundaries through intraspecific aggression, causing a limit of one family group per species. The effect is to impose an equitable distribution of population densities for flocking species that is independent of body mass (Powell 1979 ).
Because we examined the effect of guild on the sizeabundance relationship, we have focused our discussion on how interspecific competition for dietary resources may affect population densities of large and small species. However, interspecific competition for other limited resources such as nest sites may also influence the relative population densities of large and small species if larger species have a competitive advantage. Other hypotheses have been suggested to explain why larger species might use more resources than smaller ones (Maurer and Brown 1988; Pagel et al. 1991) . One important alternative explanation for this Amazonian bird community is that larger frugivores may be more energetically efficient than their smaller counterparts because organisms with larger bodies tend to be better at processing poor-quality abundant foods such as fruit (Case 1979) .
Population densities are also likely to be limited by other factors in addition to the intrinsic metabolic properties of species. For example, population densities of mammalian carnivores have been found to be significantly constrained by both metabolic rates and prey abundance (Carbone and Gittleman 2002) . Large frugivorous birds eat both small and large fruits, whereas small frugivores can eat only small fruits (Wheelwright 1985) . Population densities of larger frugivores may therefore be less likely to be resource limited, relative to those of smaller frugivores, and this might allow them to achieve higher population densities than would be predicted based on energetics. The patchy distribution of fruit resources may release larger frugivores from resource limitation to a greater extent than larger representatives of other guilds.
Temperate-Tropical Comparisons and the Effect of Scale
The slope and coefficient of determination for sizeabundance relationships of the bird community in these Amazonian forests are in the low end of the range documented for regional and global studies of temperate birds (table 1) ; however, this comparison is complicated by the different scales of analysis. The majority of analyses of sizeabundance relationships and the EER have involved temperate taxa and regional or global data sets, and the EER was originally formulated with such a data set (Damuth 1981 (Damuth , 1987 . Substantial evidence in animals, however, suggests that different patterns tend to arise at different scales of analysis (Gaston and Blackburn 1996; Blackburn and Gaston 1997 ). As we have found, the strength of these relationships tends to be weaker and to deviate from the expectations of the EER in community-level analyses relative to analyses at larger scales (Blackburn et al. 1990; Currie 1993; Blackburn and Gaston 1997) .
We found the shape of the scatterplot not to be linear and negative, as was Damuth's (1981 Damuth's ( , 1987 . Furthermore, the estimates of the UBS, using quantile regression on the 90% quantile and the method of Blackburn et al. (1992) , were significantly different from Ϫ0.681, indicating that there is unlikely to be a constraint (sensu Brown and Maurer 1987) on the relationship between population density and body mass that is consistent with the EER. Instead, at higher population densities, the population density of a species is less influenced by body mass than would be expected if densities were being determined primarily based on energetics. Deviation from a linear negative scatterplot in our study results from the presence of many species that are either large and abundant or small and rare. Differences between tropical and temperate avian size-abundance relationships may be partly explained by differences in the trophic composition of the assemblages. Fifty-five percent of large, abundant species are frugivoreomnivores or granivores, two guilds poorly represented in the temperate zone, relative to tropical forests (Terborgh et al. 1990 ). The shallow slope and weak relationship for Amazonian birds also results from the presence of many small, rare species. In contrast to avian community structure in the temperate zone, the majority of species in the bird-rich assemblages of Neotropical forests are rare. In this Amazonian bird community, 43% of species occurred at average population densities below 5 individuals/100 ha, whereas in a temperate bird community in New Hampshire, U.S.A., only 21% of species were below this density (Holmes et al. 1986 ).
Other explanations may account for the deviation from the linear negative scatterplot displayed by this Amazonian bird community. Some studies suggest that the strong linear band of points observed in most global-level analyses may be composed of several smaller-scale relationships representing different taxonomic, guild, or spatial subsets having different slopes (Blackburn et al. 1990; Damuth 1991; Currie 1993; Blackburn and Gaston 1997; Schmid et al. 2000) . Our finding that different guilds had different slopes of the size-abundance relationship both supports this explanation and agrees with the analyses of sizeabundance relationships for temperate birds that demonstrate differences among guilds (Newton 1979; Peters and Wassenberg 1983; Juanes 1986; Brown and Maurer 1987; Cotgreave and Harvey 1992) .
Differences in the patterns observed at different scales may also result from the smaller body size range examined in smaller-scale studies, but as Currie (1993) observed, the smaller range of the independent variable should affect only the strength of the relationship, not its slope. Furthermore, many workers have advocated analyses of data sets representing natural assemblages (Blackburn et al. 1990 (Blackburn et al. , 1993a Pagel et al. 1991) , which are more likely to include rare species and be more representative of the range of true population densities than are global-scale studies Currie 1993) . Natural assemblages have a relatively smaller range of body sizes. Nonetheless, testing whether the EER is a general rule of community structure, as Damuth (1981 Damuth ( , 1987 originally described, necessitates analyses at the community level, especially if we are to uncover community-level mechanisms that may be shaping any resolved patterns.
Further examinations of the relationships among body mass, population density, and PEU in other tropical communities are necessary before we understand whether the patterns that we observed in this Amazonian bird community are representative and can be generalized to tropical bird communities as a whole. Further study also is needed before we can say whether there are fundamental differences in these patterns between tropical and temperate bird communities. Our findings indicate that whatever processes may be acting on larger scales to produce patterns consistent with the EER do not appear to be operating on smaller, community-level scales in this Amazonian bird community. Our findings also are consistent with other analyses at the community level, suggesting that the EER may not be a general rule of animal community structure, although it may have important biological significance at larger scales of observation.
